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Topologically stable nontrivial spin structures, such as skyrmions and antiskyrmions, display a
large topological Hall effect owing to their quantized topological charge. Here, we present the finding
of a large topological Hall effect beyond room temperature in the tetragonal phase of a Mn-Ni-Ga
based ferrimagnetic Heusler shape memory alloy system. The origin of the field induced topological
phase, which is also evidenced by the appearance of dips in the ac-susceptibility measurements,
is attributed to the presence of magnetic antiskyrmions driven by D2d symmetry of the inverse
Heusler tetragonal phase. Detailed micromagnetic simulations asserts that the antiskyrmionic phase
is stabilized as a result of interplay among inhomogeneous Dzyaloshinskii-Moriya interaction, the
Heisenberg exchange, and the magnetic anisotropy energy. The robustness of the present result is
demonstrated by stabilizing the antiskyrmion hosting tetragonal phase up to a temperature as high
as 550 K by marginally varying the chemical composition, thereby driving us a step closer to the
realization of ferrimagnetic antiskyrmion based racetrack memory.
PACS numbers: 75.50.Gg, 75.50.Cc, 75.30.Gw, 75.70.Kw
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In recent years, there is a significant interest towards
non-collinear magnetism, where the local magnetic state
can be periodically altered via spin transfer torque by
passing a spin polarized current [1]. The prospect of non-
collinear magnetism can be greatly enhanced when the
aforementioned magnetic structure is topologically sta-
ble in nature. One of such spin textures is the recently
discovered magnetic skyrmion, which is a vortex-like ob-
ject with a swirling spin configuration [2, 3]. The topo-
logical nature of the skyrmions helps them to get decou-
pled from the crystal lattice, thereby assisting to move
at much lower current density in comparison to that of
domain walls [4]. The topologically stable spin texture
of the skyrmions is accompanied by a topological charge
Q = 14pi
∫
m · (∂m∂x × ∂m∂y )dxdy = ±1, where m is the
unit vector along the local magnetization [5]. When a
conduction electron approaches a skyrmion, the spin of
the electron tries to align with the local magnetization of
the skyrmion owing to a large Hund’s coupling. Conse-
quently, the electrons experience a large fictitious mag-
netic field, resulting in an additional component to the
observed Hall voltage, named as topological Hall effect
(THE) [12]. Effective fictitious magnetic field of 4000 T
can be realized for a skyrmion of size 1 nm [8]. Depend-
ing upon the topological charge of the skyrmion (±1),
the topological Hall component adds or subtracts from
the normal and anomalous Hall components to develop
a hump or dip type of behavior in the total Hall voltage
observed in various bulk materials and thin films [4, 6–
12].
The topologically stable spin texture of the skyrmions
arises from the spin-orbit interaction mediated
Dzyaloshinskii-Moriya interaction (DMI), which com-
petes with the Heisenberg exchange (J) and magnetic
anisotropy to form a stable skyrmion lattice. The DMI
energy that can be expressed as Dij · (Si × Sj), where
D is the DMI vector and Si and Sj are spins at the
ith and jth sites, respectively, exists in systems with
broken inversion symmetry and large spin-orbit coupling
[13, 14]. The magnetic materials with B20 and related
crystal classes that possess intrinsic bulk DMI display
Bloch-type skyrmions [2, 3, 15–17], whereas, most of
the layered thin films with interfacial DMI and some
bulk materials with suitable crystal symmetry host
Ne´el skyrmions [18–24]. Artificial magnetic skyrmions
with nano-patterning is also realized without DMI
[25–27]. A latest addition to the skyrmion family is
the recently observed antiskyrmions in D2d crystal
symmetry based inverse tetragonal Heusler compounds
[28]. The special crystal symmetry of these materials
ensures an inhomogenious DMI vector (Dx = −Dy) in
contrast to the homogeneous DMI observed in materials
exhibiting Bloch and Ne´el skyrmions (Dx = Dy) [29–31].
It has been established that Mn2Y Z- based Heusler
compounds display a non-centrosymmetric crystal struc-
ture [32]. The DMI in these materials can be set up in
case of Mn2Y Z tetragonal Heusler compounds [28, 33].
The Heusler shape memory alloys (SMA) that undergo
a martensite transtion from high temperature cubic to
low temperature tetragonal phase, possess a great poten-
tial to host nontrivial spin texture like skyrmions. How-
ever, most of these alloys exhibit a modulated and cen-
trosymmetric tetragonal structure that preclude DMI in
the system [34–36]. An asymmetric tetragonal structure
with D2d symmetry can be stabilized in case of Mn2NiGa
when a single Mn atom in the Mn-Mn plane is replaced
by Ni atom in Mn3Ga, as shown in Fig. 1(a) [37–40].
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2FIG. 1. (Color online) (a) Crystal structure of Mn2NiGa:
MnI, Ga, MnII and Ni atoms are represented by red, green,
blue and yellow balls, respectively. The ab-plane is shown
in light green color. (b) Schematic representation of one-
dimensional spin propagation along [100] (helix) and [110]
(cycloid) in the ab-plane. (c) Spin configuration of a ferri-
magnetic antiskyrmion in the present system. (d) Field cooled
(FC) and field heating (FH) temperature dependence of mag-
netization [M(T )] for Mn2NiGa and Mn2.1NiGa0.9 measured
in 0.1 T field. Inset shows the high temperature M(T ) curves
showing the Curie temperature (TC). (d) Field dependent
magnetization [M(H)] loops measured at 2 K for Mn2NiGa
and Mn2.1NiGa0.9. The inset shows low field region of the
data.
The Mn sitting in Mn-Mn/Mn-Ni plane and the Mn at
Mn-Ga plane align antiferromagnetically, account for the
ferrimagnetic ordering in the system [41]. The existence
of a more complex non-collinear spin structure and/or
the presence of slight antisite disorder intrinsic to most
of the Heusler materials can also result in the mismatch
between experimentally observed moment with that of
theoretical prediction [41]. In this letter we show that
Mn-rich Mn-Ni-Ga based inverse Heusler system indeed
displays a large topological Hall effect in the tetragonal
phase, suggesting the presence of antiskyrmions in the
system.
Like most of the Mn2- based Heusler compounds,
Mn2NiGa exhibits a ferrimagnetic ordering with a Curie
temperature of ∼ 650 K. The D2d symmetry of the
tetragonal phase can ensure a competing iteraction be-
tween the DMI and the Heisenberg exchange that can
result in an one-dimensional helix in the [100] direction
and a cycloid along the [110] direction, as shown in Fig.
1(b). In this scenario, application of magnetic field can
generate ferrimagnetic antiskyrmions as schematically
demonstrsted in Fig. 1(c). The thermomagnetic M(T )
curves measured in field-cooled (FC) and field-heating
(FH) modes up to 400 K for Mn2NiGa and Mn2.1NiGa0.9
are depicted in Fig. 1 (d). The signature of structural
FIG. 2. (Color online) Field dependent Hall resistivity (ρxy,
filled squares) measured at different temperatures for (a)-(c)
Mn2NiGa, (d)-(f) Mn2.1NiGa0.9. The inset of (a) shows an
expanded view of the ρxy in the second quadrant. The solid
lines represent calculated Hall resistivity without topological
Hall contribution as described in the text.
transition in Mn2NiGa can be seen from the presence
of large hysteresis in cooling and heating M(T ) curves
around 300 K, whereas, no such transition is found in
Mn2.1NiGa0.9. Both the samples exhibit the Curie tem-
perature (TC) well above the room temperature [inset
of Fig. 1(d)]. An experimental signature that hints at
the presence of an additional magnetic phase in both the
samples was obtained from the isothermal magnetization
M(H) data which display a small kink marked by arrows
in Fig. 1(e). Since Mn2NiGa transforms to the cubic
phase above 300 K, this transition disappears for M(H)
loops measured at higher temperatures. The magnetic
moment of the present Mn2NiGa matches well with the
previous report [38].
Motivated by the signature of magnetic phase transi-
tion in the M(H) data, we have performed Hall effect
measurements at different temperatures as depicted in
Fig. 2. For Mn2NiGa, the total Hall resistivity ρxy ex-
hibits a dip around 0.5 T for all temperatures T ≤ 300 K
[Fig. 2(a)&(b)]. This peculiar behavior disappears for
the ρxy data collected above the martensite transition at
T = 385 K in the cubic phase [Fig. 2(c)]. Although
the martensite transition sets the DMI in the tetrago-
nal phase, it has no role in the observed anomaly in
the ρxy data. This is demonstrated in another sample
3Mn2.1NiGa0.9 that exhibits tetragonal phase in the whole
temperature range up to the TC, without any structural
transition. For this sample the ρxy data acquired up
to 380 K, the highest possible measured temperature,
display a similar dip kind of behavior around 1 T [Fig.
2(d)-(f)].
It is well known that the total Hall resistivity can
be expressed as ρxy = ρN + ρAH + ρ
T
xy, where ρN ,
ρAH and ρ
T
xy are normal, anomalous, and topological
Hall resistivities, respectively. Normal Hall resistivity
can be written as ρN = R0H, where R0 is the nor-
mal Hall coefficient. Anomalous Hall resistivity, which
is in general directly proportional to the magnetization
in a ferri-/ferromagnet, can be expressed in terms of the
longitudinal resistivity (ρxx) and magnetization (M) as
ρAH = bρ
2
xxM , where b is a constant. The effect of skew
scattering and side-jump on AHE in the present sam-
ple are not taken into consideration due to the fact that
the longitudinal resistivity in the present bulk materi-
als is too high and acan be neglected completely at high
temperatures. In case of Mn2NiGa, the anomaly in the
ρxy data is only found for fields less than 1 T, whereas,
Mn2.1NiGa0.9 displays such behavior for fields up to 2 T
. Hence it is assumed that the high field ρxy data do not
consist of any ρTxy component. At high fields, ρxy can be
further simplified to ρxy = R0H + bρ
2
xxM . The linear fit
between
ρxy
H and
ρ2xxM
H gives us slope b and intercept R0.
In the present case, the values of b and R0 are calculated
by using ρxy data for µ0H > ± 3 T . Afterwards, ρxy sans
ρTxy was calculated using ρxy = R0H + bρ
2
xxM , as shown
by red lines on the top of the experimental ρxy curves
in Fig. 2. It can be clearly seen that the experimen-
tal and the calculated ρxy curves display a substantial
difference at the field where both the magnetization and
Hall resistivity exhibit dips, whereas, perfect matching
is obtained for higher field regions. The calculated ρxy
was subtracted from the experimental ρxy to obtain ρ
T
xy
as plotted in Fig. 4(a)&(b). The validity of the extrac-
tion of THE by the present method is well verified in case
of Mn1.8Ni1.2Ga, where both the experimental and calcu-
lated curves match at all field regime, as this sample does
not exhibit any anomaly in Hall effect measurements.
For a deep understanding of the origin of the ob-
served topological Hall effect, we have carried out ac-
susceptibility measurements which have been extensively
used to characterize skyrmions in several materials [24,
44, 45]. In the present case, the real part of the ac-
susceptibility, χ
′
(H), for Mn2NiGa exhibits a dip/peak
type behavior around the fields where a large topological
Hall effect is found. The magnitude of this dip/peak be-
havior initially increases with increasing temperature be-
fore getting slowly suppressed for T ≥ 250 K due to the
presence of a small amount of cubic phase with higher
magnetic suceptibility. The dip/peak completely van-
ishes at 370 K in the cubic phase. For Mn2.1NiGa0.9, a
FIG. 3. (Color online) Field dependent ac-susceptibility mea-
sured at different temperatures for; (a)-(f) Mn2NiGa and (g)-
(i) Mn2.1NiGa0.9.
pronounced and well defined dip/peak can be found up to
380 K, suggesting the presence of magnetic antiskyrmions
in the present system. It is worth to mention that the
tetragonal Heusler compound Mn1.4Pt0.9Pd0.1Sn that
displays antiskyrmions up to room temperature [28] also
exhibits a similar behavior in the ac-susceptibility data
[46]. The robostness of the ac-susceptibility measure-
ments is vindicated in case of Mn1.8Ni1.2Ga that does
not exhibit any anomaly in χ
′
(H) as no THE is found in
this sample.
The occurrence of large topological Hall effect that
is underpinned by the observation of dips/peaks in the
ac-susceptibility data in the present material lends firm
support for the existence of some non-trivial spin tex-
ture, such as, skyrmions. The D2d crystal symmetry
of the present system ensures an anisotropic DMI with
Dx = −Dy, thereby leading to antiskyrmions. In order
to gain more insights into the magnetic field and tem-
perature dependence of the antiskyrmions in the present
system, we have plotted ρTxy at different magnetic fields as
shown in Fig. 4(a)&(b). In general, the topological Hall
effect scales (i) directly with the density and (ii) inversely
with the size of the skyrmions/antiskyrmions. Since for
a given system the size of the skyrmions/antiskyrmions
remains almost constant, the enhanced ρTxy at room tem-
peratures for Mn2NiGa can be attributed to a signifi-
cant increase in antiskyrmion density due to the higher
nucleation ability of antiskyrmions at the tetragonal to
cubic phase transition. This can be understood from
the fact that in case of a bulk system the nucleation
probability of skyrmions/antiskyrmions increases around
the magnetic ordering temperature [2, 15, 17, 28]. In
case of Mn2.1NiGa0.9, the magnitude of ρ
T
xy almost re-
4FIG. 4. (Color online) Field dependent topological Hall re-
sistivity (ρTxy) at different temperatures for (a) Mn2NiGa and
(b) Mn2.1NiGa0.9. The H − T phase diagram showing field
dependence of ρTxy at different temperatures derived from the
topological Hall effect measurements for (c) Mn2NiGa and (d)
Mn2.1NiGa0.9. (e) Magnetic anisotropy Ku versus DMI, (f)
Ku versus exchange stiffness constant (A), phase diagrams
illustrating the stability of antiskyrmion (ASx) phase for dif-
ferent Ku, D and A values. Dotted lines represent bounday
between different phases. Different colors in the phase dia-
gram represent number density of antiskyrmions (n).
mains constant up to the highest measured temperature
of 380 K. Figure 4(c)&(d) represent the H − T phase di-
agrams for Mn2NiGa and Mn2.1NiGa0.9. For Mn2NiGa
the THE almost vanishes for a field of about 1.5 T,
whereas, Mn2.1NiGa0.9 exhibits THE for field as high as
3 T.
A factor that significantly contributes to the size and
stability of the antiskyrmions in the present tetragonal
materials is the anisotropy energy. The presence of con-
siderable amount of magnetic anisotropy in the present
system can be seen from the out-of-plane type hysteretic
behavior of the M(H) loop in Fig. 1(d). A slight change
in the Mn/Ga ratio significantly changes the coercive
field and the magnetic ordering temperature. This sig-
nifies a considerable change in the magnetic anisotropy
as well as the exchange constant J , which can modify
the size and stability of the antiskyrmion phase. For
a detailed understanding of the stability of antiskyrmion
phase at different anisotropy constant Ku, DMI constant
D (Dx = −Dy), and exchange stiffness constant A, we
have carried out a detailed micromagnetic simulation us-
ing public domain software package Object Oriented Mi-
croMagnetic Framework (OOMMF) [42] with DMI ex-
tension module [43]. Initially, a 1000 × 1000 × 2 nm3
thin film was relaxed from a random magnetization state
in presence of perpendicular magnetic field for different
values of D and A with zero anisotrpy. A was cal-
culated from the TC and saturation magnetization M s
from M(H) loop at 2 K. After the initial relaxation, the
anisotropy constant Ku was increased to various values
to check the stability of antiskyrmion lattice at the corre-
sponding values of D, A and Ku. Figure 4(e) shows the
Ku-D phase diagram corresponding to the experimental
parameters A = 3.0× 10-11 J/m , M s = 2.37× 105 A/m,
and µ0H = 500 mT. A stable antiskyrmion lattice can be
found forD ≈ 2.0−4.0 mJ/m2 andKu ≈ 0−5×105 J/m3.
A rough estimation of the anisotropy constant from the
M(H) loops yields Ku ≈ 3.0− 5.0× 105 J/m3. A higher
D and Ku results in a mixed or scattered antiskyrmion
phase. For a fixed D = 4.0 mJ/m2, a stable antiskyrmion
lattice can be found for A ≈ 3.0× 10-11 J/m [Fig. 4(f)].
At lower values of A, which is expected for Mn2.1NiGa0.9,
mixed phase and scattered antiskyrmions were stabilized
at higher values of Ku. A decrease in the size of anti-
skyrmions at lower A and higher Ku leads to a significant
increase in the density (n) even in the mixed and scat-
tered antiskyrmion state.
As it can be seen, a stable antiskyrmion phase can
be formed for D = 2.0 − 4.0 mJ/m2 and Ku = 0 −
5 × 105 J/m3. The size (diameter) of the antiskyrmions
corresponding to these values of D and Ku is about 40-
60 nm. It is known that the magnitude of topological
Hall voltage greatly depends upon the size and density
of skyrmions. We have estimated the size of the anti-
skyrmions from the measured topological Hall effect us-
ing the relation ρTxy = PR0Beff , where P is the conduc-
tion electron spin polarization and Beff is the effective
(fictitious) magnetic field [12]. Further Beff can be ex-
pressed as Beff = −φ0/ask, with φ0 = h/e is the mag-
netic flux generated by a single skyrmion and ask is the
size of the skyrmion [8]. The conduction electron polar-
ization can be roughly estimated as P = Msp/Ms, where
Msp is the ordered moment in the antiskyrmion phase
and Ms is the saturation magnetic moment in the sys-
tem [12]. In the present case P comes about 0.7. By tak-
ing the highest THE at room temperature for Mn2NiGa,
the effective magnetic field is calculated as 8.8 T and the
size of the antiskyrmions is found to be about 22 nm. A
small mismatch of the antiskyrmion size might be arising
from the fact that the simulations were carried for a thin
film, whereas, experiments were performed on the bulk
materials. It is worth to mention here that the size of
the antiskyrmions in Mn-Ni-Ga system is much smaller
in comparison to the recently observed antiskyrmion size
of 150 nm in Mn-Pt(Pd)-Sn based Heusler materials [28].
In the present case, by slightly changing the composition,
both the magnetic anisotropy and the exchange interac-
tion can be tuned significantly. This is evident from the
increase in the coercive field and decrease in the TC as
5well as the saturation magnetic moment; which in prin-
ciple could give rise to a reduced antiskyrmion size in
Mn2.1NiGa0.9. Due to the ferrimagnetic ordering in the
present system one can expect a reduced skyrmion Hall
effect [47], that might help the present ferrimagnetic an-
tiskyrmions to move along the direction of applied cur-
rents.
In summary, we have established the presence of a large
topological Hall effect that withstands above room tem-
perature in the Mn-Ni-Ga based magnetic shape memory
alloys. The topological Hall effect that exists in the D2d
symmetry based tetragonal phase vanishes when the sys-
tem undergoes a structural transition to the cubic phase.
The origin of the observed THE is attributed to the pres-
ence of magnetic antiskyrmions. Owing to the large out-
of-plane magnetic anisotropy in the present tetragonal
phase, a detailed micromagnetic simulation was carried
out to understand the stability of antiskyrmion phase
in presence of different exchange interaction strength,
anisotropy, and DMI. The present ferrimagnetic anti-
skyrmions with very high ordering temperatures pos-
sess a great potential for their application in racetrack
memory devices as they are expected to display reduced
skyrmion Hall effect in comparison to the ferromagnetic
ones.
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